In this work, two new axisymmetric models for the Galactic mass distribution are presented. Motivated by recent results, these two models include the contribution of a stellar thin disc and of a thick disc, as massive as the thin counterpart but with a shorter scalelength. Both models satisfy a number of observational constraints: stellar densities at the solar vicinity, thin and thick disc scale lengths and heights, rotation curve(s), and the absolute value of the perpendicular force Kz as a function of distance to the Galactic centre. We numerically integrate into these new models the motion of all Galactic globular clusters for which distances, proper motions, and radial velocities are available, and the orbits of about one thousand stars in the solar vicinity. The retrieved orbital characteristics are compared to those obtained by integrating the clusters and stellar orbits in pure thin disc models. We find that, due to the possible presence of a thick disc, the computed orbital parameters of disc stars can vary by as much as 30-40%. We also show that the systematic uncertainties that affect the rotation curve still plague computed orbital parameters of globular clusters by similar amounts.
Introduction
The study of the orbits of stars and stellar systems, like globular and open clusters in the Milky Way, is essential to understand the properties of the different Galactic stellar populations (thin and thick discs, stellar halo) and their mode of formation. To integrate stellar orbits, realistic models of the mass distribution in the Milky Way are needed. Because of the facility of implementation and usage, it is also highly desirable that these models are fully analytical. Several mass models of this type have been developed in the last two decades. Among them, the most widely used is certainly the axisymmetric model proposed by Allen & Santillan (1991) , that consists of a stellar thin disc, a central bulge, whose mass is about 15% of that of the disc, and a dark matter halo which guarantees a nearly flat rotation curve at large radii. This model has been recently revised by Irrgang et al. (2013) , who used the most recent observational constraints to update masses and mass distributions of the thin stellar disc, bulge, and dark matter component. Asymmetries, like the central stellar bar and spiral arms, can also be added to an axisymmetric model, and their related effect on stellar orbits can be quantified, as done by Pichardo et al. (2003 Pichardo et al. ( , 2004 . In all cases, these models are all based on the assumption that most (> 80%) of the stellar mass of the Galaxy is redistributed in a thin stellar disc, and that the remaining fraction is contained in a centrally concentrated bulge. In particular, although the discovery of the presence of an additional stellar componentthe thick disc -in the Milky Way dates back to more than 30 years ago (see Yoshii et al. (1979) ; Gilmore & Reid (1983) ; Reid & Majewski (1993) ), this component has been neglected in all the previously cited mass models. This is attributed to the fact that it has long been considered that the thick disc is a minor component of the Galaxy, contributing by up to 10-20% to the total stellar budget. These are the fractions found by assuming the same scale length for the two populations, standard values for the scale height, and local densities, with the thin disc having a scale height equal to 250pc, and containing 90-98 % of the total local stellar mass, and the thick disc having a scale height between 600 and 1200 pc and containing 2-10% of the total local stellar mass. Most recently, only the models by Smith et al. (2015) and Barros et al (2016) have added the presence of a thick stellar disc to the Galactic potential. However, their modelled thick disc contributes still only marginally to the total stellar budget, the thick-to-thin disc mass ratio adopted in these models being between 10% and 20%.
In the last years, however, a number of pieces of evidence have accumulated that may lead to a revision of the aforementioned picture, suggesting that the mass budget of the Galactic stellar components may be significantly different from what has been previously thought. The classical bulge appears to be very limited or not existent (Shen et al. 2010; Kunder et al. 2012; Di Matteo et al 2014 , 2015 Di Matteo 2016; Kunder et al. 2016) and the α-enhanced thick disc appears to be as massive as the thin disc (Snaith et al 2014 (Snaith et al , 2015 . The latter was obtained (see Snaith et al 2014 Snaith et al , 2015 by reconstructing the star formation history of the Milky Way disc by fitting a chemical evolution model to the age-[Si/Fe] relation found on solar vicinity data by Haywood et al (2013) . The fact that the α-enhanced stellar thick disc may be massive finds also an independent confirmation in the revised estimates of thick disc radial density. According to Bensby et al (2011) ; Bovy et al (2012a) , and Bovy et al (2015) ,
Galaxy models with a massive thick disc
Before entering into the description of our models, we would like to emphasize that our aim is not to provide a best fit mass model of the Milky Way, but to quantify the difference that the adoption of a massive thick disc makes compared to a widely used model (in this case, the Allen & Santillan (1991) model) without a thick disc.
Among the main observational constraints that any Galactic mass model needs to reproduce, there is of course the rotation curve of the Galaxy. As we will see in the following, our knowledge of the Galactic rotation curve still suffers from severe uncertainties : the profile in the inner 5 kpc from the Galactic centre, as well as the value of the rotation curve at the solar radius and beyond, can vary considerably from one study to another (Burton & Gordon 1978; Bovy et al 2012b; Sofue 2012; Bovy & Rix 2013; Reid et al 2014) . Because some of the differences among the rotation curves available in the literature are difficult to reconcile, particularly in the inner regions of the Galaxy where a massive centrally concentrated thick disc has its strongest impact, in this paper we choose to develop two different mass models :
1. a model (hereafter Model I) that consists of a thin disc, a thick disc (as massive as the thin), a central bulge, and a dark matter halo, and that -as we will see -generates a rotation curve compatible with the estimates of Sofue (2012) ; 2. a model (hereafter Model II) which also contains a thick disc as massive as the thin counterpart, but which lacks a central bulge, and whose rotation curve is compatible with that obtained by Reid et al (2014) using maser sources.
In both models, as we will see, the thick disc scale length is about a factor of two shorter than that of the thin disc, in agreement with the results by Bovy et al (2012a) . The choice of presenting two mass models for the mass distribution of our Galaxy is mainly dictated by two reasons. First, the need to add a central bulge to the global gravitational potential to reproduce the rotation curve in the inner kpcs of the Milky Way strongly depends on the observational data with which one compares the theoretical curve: to reproduce the rise observed in the inner kpcs (see the observational data adopted by Caldwell & Ostriker 1981) , Allen & Santillan (1991) introduced a central mass concentration, whose mass is about 15% of the disc mass. However, the central rise observed in the rotation of the molecular gas in the inner Galaxy (for more recent estimates see, for example, Sofue 2012) may be an effect of non circular motions generated by large scale asymmetries like the bar, as has been shown recently by Chemin et al (2015) . Moreover, this feature is not reported in all the observational studies (see, for example, Reid et al 2014) . Secondly, there is growing evidence that the mass of any classical bulge, if present in the Milky Way, must be small (Shen et al. 2010; Kunder et al. 2012; Di Matteo et al 2014 , 2015 Kunder et al. 2016) . For these reasons, we prefer to present a second model, our Model II, which does not include any spherical central component, and which is still compatible with the rotation curve of the Galaxy, as given by Reid et al (2014) . Because it has been widely used in the last decades, and due to the facility of its implementation, we explicitly aim at generating Galactic models similar to the Allen & Santillan (1991) model, so to make any implementation of these new models, and any comparison with Allen & Santillan (1991) , straightforward. As for the model proposed by Allen & Santillan (1991) , Models I and II are axisymmetric and time-independent, and do not include stellar asymmetries such as a bar or spiral arms. No truncation is assumed for the discs, while the halo is truncated at 100 kpc, in agreement with the choice of Allen & Santillan (1991) . As we describe in the following section, the analytic forms for the discs, halo, and bulge potentials are the same as those adopted by Allen & Santillan (1991) . To allow an easy comparison with the Allen & Santillan (1991) model, in the following we will make use of the same system of units adopted by these authors: the potential is given in units of 100km 2 /s 2 , lengths are in kpc, masses in units of 2.32x10 7 M , time in units of 0.1Gyr, velocities in units of 10kms −1 , and the vertical force in units of 10 −9 cms 2 . In these units, the gravitational constant G is equal to 1 and the mass volume density is in units of 2.32x10 7 M /kpc 3 .
Finally, a few words on the functional form of the stellar disc(s) adopted in this paper. We maintained the MiyamotoNagai density distribution adopted by Allen & Santillan (1991) to model both the thin and thick discs. As discussed in the following lines, the characteristic scale lengths and heights were chosen so that the resultant stellar disc, as well as its constituent -the thin and the thick -can be fitted by exponential profiles with scale heights and lengths similar to those found by Bovy et al (2012a) in the radial range where these have been measured to a useful precision with current spectroscopic surveys -typically Allen & Santillan (1991) . For comparison, the parameters of the Allen & Santillan (1991) model are also given. Both models I&II are designed to have stellar discs with masses similar to the Allen & Santillan (1991) stellar disc, but with half of this total mass contained in a thick disc. a few kpc from the Sun. We are aware that the Miyamoto-Nagai density profile cannot be fitted with a single exponential over the whole radial range, but in the case of the Milky Way, there is no evidence that the disc should be represented by a single exponential over its whole extent as done, for example, by Dehnen & Binney (1998) . In fact there may be some evidence to the contrary: the outer disc (R > 8 − 10 kpc) has a longer scale length than the inner disc at R < 8 − 10 kpc (see Bovy et al 2012a; Golubov et al 2013) , and it may be difficult for a single exponential to represent a good fit over the whole radial extent. More generally, given the complexity of the radial distribution of the different "mono-abundance" populations as illustrated by the analysis of recent surveys such as the Sloan Extension for Galactic Understanding and Exploration (SEGUE) or APOGEE (see Bovy et al 2015) , it is yet to be demonstrated that a single exponential can give a satisfactory fit on more than a few scale lengths, or at least a better fit than a Miyamoto-Nagai density profile.
In the following part of this section, for the sake of completeness, we firstly recall the main features of the Allen & Santillan (1991) model (Sect. 2.1, hereafter Model A&S), then we present Models I and II (Sects. 2.2 and 2.3, respectively), and finally we compare the predictions of these two models to observational data (Sect. 2.5).
Model A&S
The model of A&S consists of the sum of an axisymmetric potential, Φ thin (R, z), for the stellar disc of Miyamoto-Nagai type (Miyamoto et al. 1975 ), a Plummer potential (Binney & Tremaine 1987) , Φ bulge (r), for the central bulge, and a spherical potential, Φ halo (r), truncated at R=100 kpc, for the dark matter halo, that is :
where r = √ R 2 + z 2 , being R the in-plane distance and z the height above the plane. The analytical forms of these potentials are, respectively : 
, where M thin , M bulge and M halo , a thin , b thin , b bulge , a halo are the disc, bulge, and halo constants, respectively (see Table 1 in Allen & Santillan (1991) and Table 1 of this paper, where these parameters are recalled).
The corresponding densities, related to these potentials by means of the Poisson equation, are:
M halo 4πa halo r 2 r a halo 1.02 2.02 + (r/a halo ) 1.02 (1 + (r/a halo ) 1.02 ) 2 .
The total mass of the system is 9 × 10 11 M , considering that the halo is truncated at 100 kpc.
Model I
The gravitational potential of Model I is the sum of a spherical bulge, Φ bulge (r), and a spherical halo, Φ halo (r), with the same functional form as Model A&S (Eqs. 3 and 4, respectively), and two stellar discs, whose potentials are indicated by Φ thin (R, z) and Φ thick (R, z), respectively, and which correspond to the thin and the thick disc components. The total potential in this model is given by : (8) where the functional form of Φ thin (R, z) and Φ thick (R, z) are still described by a Miyamoto & Nagai profile (Eq. 2), with characteristic masses, scale lengths and scale heights given by M thin , M thick , a thin , a thick , and b thin , b thick (see column 1 in Table  1 ).
In this model, the mass of the central bulge has been reduced with respect to the value adopted in Model A&S, and the total stellar mass included in the two discs -the thin and the thick -is slightly lower than that of the single stellar disc in Model A&S (see Table 1 , column 3). The mass of the thin and the thick discs are both equal to 1700, in mass units. This implies a total stellar disc mass (at infinity) of 7.8 × 10 10 M , in agreement with estimates of the Milky Way stellar disc mass (see, for example, Kafle et al 2014) . The characteristic lengths of the discs have been chosen in such a way that their corresponding exponential scale lengths, found by fitting the radial surface density profiles of the discs for 3 kpc ≤ R ≤ 9 kpc, are compatible with those given by Bensby et al (2011); Bovy et al (2012a) , that is, ∼ 2 kpc for Model I, thin+thick disc Model I, thick disc Model I, thin disc Model II, thin+thick disc Model II, thick disc Model II, thin disc the thick disc and ∼ 3.6 kpc for the thin disc (see Fig. 1 , top panels). For the characteristic heights of the thin and thick discs we have adopted b thin = 0.25 kpc and b thick = 0.8 kpc, respectively. The corresponding exponential scale heights, found by fitting the vertical density profile at the solar radius for 0 ≤ z ≤ 3 kpc, are z d,thin = 0.2 kpc and z d,thick = 0.7 kpc, respectively (see Fig. 1 , bottom panels). These values are well within the range of estimated parameters found in the literature (see, for example, Bland-Hawthorn & Gerhard (2016) ). Our modelled Miyamoto-Nagai discs can be well fitted by exponentials both in the radial and in the vertical direction, for the selected radial and vertical ranges, with the residuals ∆ defined as the difference between the densities and the fit functions, both expressed in logarithmic scale, never exceeding 0.05 (again, see Fig. 1 ). This corresponds to differences in densities of 10% at most, well within the uncertainties in the current estimates. A point that we want to emphasize is that the choice to represent the stellar disc by two discs, a thin and a thick, is probably a simplification with respect to the results of Bovy et al (2012c) , who found that the thick disc is not distinct from the thin disc, but rather the Galactic thick stellar disc is a continuum of decreasing scale heights with decreasing α−abundances. In our models, we are discretizing, and representing by means of a unique component, a thick disc whose properties, and in particular the scale height, may vary more continuously with the chemistry. We consider this a first approximation before moving to more complex models.
With this choice of parameters, at the solar vicinity, the thin and thick disc volume densities are respectively 6.63×10 7 M /kpc 3 and 1.50×10 7 M /kpc 3 , and their corresponding surface densities 3.32×10 7 M /kpc 2 and 2.51×10 7 M /kpc 2 . The corresponding total volume and surface densities are respectively 0.08M /pc 3 and 58.3M /pc 2 , in good or reasonable agreement with the recent estimates of the baryonic (gas and stars) density from McKee al. (2015) (0.084±0.04M /pc 3 and 47±3M /pc 2 ). These values are also in agreement with the baryonic (gas and stars) volume and surface densities at the solar vicinity (e.g. Flynn et al 2006, their Table 2) . Because our models do not contain any gaseous disc, we take into account its mass and corresponding density in the stellar discs. Figure 3 (top panel) shows the total rotation curve of Model I, together with the contribution of all the different components to it.
Model II
Model II consists of a spherical dark matter halo Φ halo (r), with the same functional form adopted in the Allen & Santillan (1991) model (Eq. 4), but more massive, and two disc components (a thin and a thick disc) both described by Miyamoto & Nagai potentials, as for Model I. Differently from Model I and from Model A&S, this model does not include any central spheroid, that is, this is a bulge-less model whose total potential is the sum of three components only:
The total stellar disc mass (at infinity) is equal to 7.6 × 10 10 M , the corresponding exponential scale lengths of the discs, found by fitting the radial surface density profiles in the radial range 3 kpc ≤ R ≤ 9 kpc, are compatible with those given by Bensby et al (2011); Bovy et al (2012a) , that is, ∼ 2 kpc for the thick disc and ∼ 3.6 kpc for the thin disc (see Fig. 2 , top panel). For the characteristic heights of the thin and thick discs we have, again, adopted b thin = 0.25 kpc and b thick = 0.8 kpc, respectively. The corresponding exponential scale heights, found by fitting to the total vertical density profile at the solar radius in the z−range of 0-3 kpc, are z d,thin = 0.2 kpc and z d,thick = 0.7 kpc, respectively (see Fig. 2 ). As for Model I, also in this case the residuals of the radial and vertical fits never exceed 0.05 (see Fig. 2 , second and fourth panels), implying differences between the modelled densities and exponential distributions of less than 10%, in the spatial range explored. With this choice of parameters, at the solar vicinity, the thin and thick disc volume densities are respectively 6.11 × 10 7 M /kpc 3 and 1.22 × 10 7 M /kpc 3 , and their corresponding surface densities are 3.06 × 10 7 M /kpc 2 and 2.09 × 10 7 M /kpc 2 (corresponding to 0.073M /pc 3 and 51.5M /pc 2 , also in good agreement with the estimates of McKee al. (2015)).
In Fig. 2 , the surface and vertical densities of the thin disc, thick disc, and total (= thin+thick) disc for this model are shown. The resulting rotation curve is shown in Fig. 3 . As for Model A&S and Model I, all the parameters of Model II are summarized in Table 1 (see column 2 ).
The resulting edge-on stellar density maps and total gravitational potential of Model I, Model II, and Model A&S are given in Figs. 4 and 5. From Fig. 4 , one can see that, as expected, the thickness of the stellar distribution increases when a massive thick disc is added to the mass distribution, and that the gravitational potential of Models I and A&S are very similar at large radii, while that of Model II is systematically deeper than the two other models. As we will discuss in the following, this has an impact on the orbital characteristics of stars and star clusters reaching large apocentres.
Concerning the use of Miyamoto-Nagai density profiles to model the Milky Way disc(s)
Estimates of the density profiles, scale length and scale height of the Milky Way disc(s) are currently available in a range from about 3 to 9-10 kpc in radius and up to 3-5 kpc from the plane, in the vertical direction. The most recent estimates come from spectroscopic surveys like SEGUE and APOGEE, and in particular from the works of Bovy and collaborators (Bovy et al 2012a (Bovy et al ,b,c, 2015 . The picture emerging from these works is complex. In a first approximation, the thick disc (defined as the α-enhanced stellar disc) has a scale length of ∼ 2 kpc, while the thin disc (defined as the low-α stellar disc) has a scale length of about 3.6 kpc (see Bovy et al 2012a Bovy et al , 2015 . These estimates are in agreement with those derived by Bensby et al (2011) sample of stars in the inner and outer Galactic disc. As shown in Figs. 1 and 2, in the same radial range as that covered by the observations, a Miyamoto-Nagai density profile can be fitted by an exponential with a scale length compatible with observations (the uncertainties in the scale lengths derived from observational data are of about 10%, see Table 2 in Bovy et al (2012a) ). In this radial range, the differences between the fitted exponential and the Miyamoto-Nagai density profile correspond to differences in densities smaller than 10%, thus smaller than the current uncertainties in the estimates of the Galactic disc surface densities. As an example, Flynn et al (2006) report uncertainties in the estimates of stellar surface densities at the solar vicinity of 10-15%. Thus, in the radial range covered by current observations, it is not possible to make the difference between the two profilesa Miyamoto-Nagai profile, as adopted in this work, and an exponential profile, as adopted for example by Dehnen & Binney (1998) -because the uncertainties in the surface density estimates and in the scale lengths are still too large to disentangle between those two profiles .
Looking deeper into the results of Bovy et al (2012a) , the situation is even more complex: the stellar disc cannot be represented by two single exponentials -one for the thin and one for the thick disc -but it is rather made of "mono-abundance" populations, with different scale lengths. Among the low-α population -which classically corresponds to the thin disc -several mono-abundance populations can be identified, with scale lengths varying from ∼1.8 kpc to more than 4 kpc (Fig. 5 in Bovy et al 2012a) . It is difficult to reconcile this finding with a single exponential fit in the radial direction for the whole stellar disc, especially because the populations with large scale length (i.e. greater than 4 kpc) constitute a not negligible fraction of the surface density at the solar vicinity (about 10-20%, as evaluated from the metallicity distribution function of stars at the solar vicinity). Uncertainties are still too large to predict the falloff of the stellar density with radius, but Bovy et al.'s findings may suggest that the fall-off of the Galactic disc at large radii is more complex than that expected from a single exponential law.
In the vertical direction, the choice to model the disc with two Miyamoto-Nagai density profiles does a good job in the vertical range where data are available (see Figs. 1 and 2 ). When the total vertical density profile is fitted with two exponentials -one representing the thin disc, the second representing the thick disc -the recovered scale heights are in good agreement with observations (again, we refer to Bovy et al (2012a) for a comparison).
Observational data may suggest an even more complex scenario for the vertical profile of thin and thick disc populations. Citing once again the work of Bovy et al (2012a) , they point out that their α-poor and α-enhanced populations are, both, statistically better fitted by two exponentials in the vertical direction rather than one, with one of the two dominating in mass. Thus, also in the vertical direction the density profile of the thin and of the thick discs may be more complex than a single exponential. Unfortunately, the SEGUE sample is not large enough to understand whether this effect is true, or whether it is affected by small statistics or by the abundance resolution of the survey. Finally, it is worth remembering here that even for external galaxies, the fall-off of the stellar disc light is not always that of a single exponential. A not negligible fraction of galaxies exist with so called anti-truncated profiles (Erwin et al 2005; Maltby et al 2012; Eliche-Moral et al 2015) . One of the main questions of the Galactic structure, that will be possible to address in the near future with Gaia and follow-up spectroscopic surveys, is indeed the nature of its stellar disc and its behaviour at large radii.
Comparing to observational data
We have seen in the previous section that Models I and II have, by construction, a number of characteristics compatible with estimates available for the Milky Way disc: total stellar disc mass, thin and thick disc scale lengths and heights, and baryon density as measured at the solar vicinity. In this section we discuss more in detail two other observational constraints: the agreement of the models with the Galactic rotation curve(s) and with the estimates of the perpendicular force in the inner disc, as measured by Bovy & Rix (2013) from APOGEE data. We reiterate that our objective is not to provide a best fit model, but to assess the effect of a thick disc and the uncertainties on the rotation curve of the Milky Way on the orbits computed in a widely used potential. This last point is justified by the present state of confusion regarding the rotation curve, with systematic differences that largely exceed the error bars, as illustrated in Fig. 6 .
Rotation curves
Model I can well reproduce the shape of the Galactic rotation curve, as given by Sofue (2012) (see Fig. 6 , upper panel): the rise of the rotation curve in the inner few kpcs is well reproduced by adding a centrally concentrated, classical bulge, whose impact on the total rotation curve decreases very rapidly outside the inner 2-3 kpc. From Fig. 6 (upper panel), one can also see how similar the recovered rotation curve of Model I is to that proposed by Allen & Santillan (1991) . At the solar radius (assumed to be at R=8.5 kpc, as in Allen & Santillan 1991), Model I predicts a circular velocity of 221.4, very similar to that of the A&S model at the same radius, which is 219.9 km/s. With a classical bulge mass set to zero, and a more massive dark matter halo, Model II is in better agreement with the observational data of the rotation curve derived by Reid et al (2014) . With respect to Model A&S, Model II lacks the central rise of the rotational velocity curve, whose physical significance has been also recently questioned by Chemin et al (2015) , and predicts a larger circular velocity (230.0 km/s) at the solar radius (Fig. 6,  lower panel) . Outside the inner regions (R>2kpc) both Models I & II are bracketed by the two observed rotation curves. 2.5.2. The perpendicular force in the inner disc Figure 7 shows the predicted perpendicular force, Kz, at a vertical distance from the plane of 1.1 kpc., in the region between 4 and 10 kpc, for both Models I and II. For completeness, the corresponding profile of the Allen & Santillan (1991) model is also given. These curves are compared to the values derived by Bovy & Rix (2013) for the inner disc, at |z| = 1.1kpc, with APOGEE. As can be seen, the match between models' predictions and data is very good for all the radial extent covered by the data.
Orbit integration

Numerical method
We integrated in these two new mass models the orbits of a thousand stars at the solar vicinity from the Adibekyan et al. (2012) sample, and the orbits of all the Galactic globular clusters with available positions and 3D velocities in the main catalogue of Casetti-Dinescu. 1 With this selection, we have the opportunity to have a limited but still representative sample of orbits of stars and stellar systems in the Galaxy, associated mainly to the thin and thick discs. Some halo stars are also present. To integrate the orbits, first of all we need to transform equatorial coordinates, parallaxes, heliocentric radial velocities, and proper motions in a cartesian Galactocentric inertial reference frame, where the x-axis coincides with the Sun-Galaxy centre direction and is positive towards the centre, the y-axis is oriented parallel to the motion of the Local Standard of Rest (LSR) in the disc, and the z-axis is positive towards the North Galactic pole. In this coordinate system, the position of the Sun is (x , y , z )=(-8.5, 0., 0.). To make the transformation, we have adopted the formulas in Johnson & Soderblom (1987) , with coordinates defined at J2000.0 epoch. For each model we have assumed the velocity of the local standard of rest to be given by the value of the rotation curve at R = 8.5 kpc. For Model I this choice gives V LS R =221.4 km/s and for Model II this corresponds to a slightly higher velocity, V LS R =230.0 km/s. For the solar motion with respect to the LSR, we have adopted the values given by Schonrich et al (2010) : U =11.10 km/s, V =12.24 km/s, and W =7.25 km/s. Having defined the coordinate system, as well as the initial positions and velocities of all stars and globular clusters with respect to it, we have integrated the orbits forward in time for 7 Gyr, by using a leap-frog algorithm (see for exam- Using this time step, we obtain a very good energy conservation for all the integrated orbits, the average error in energy and angular momentum (that is ∆E/E and ∆L/L) is, respectively, of the order of 10 −6 and 10 −16 for stars, and 10 −5 and 10 −16 for globular clusters. The fact that the error in energy conservation is in general higher for globular clusters than solar vicinity stars is probably associated to the former larger eccentricities, and consequently larger variations in the range of accelerations that they experience.
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The orbits of a subsample of about one hundred stars extracted randomly from the Adibekyan sample, projected on the meridional plane R − z, are shown in Fig. 8 . As evident from the plot, the sample contains thin and thick disc stars whose orbits span a range of characteristics: some stars have orbits confined in the Galactic plane, with very small excursions from the solar radius (low eccentricities, thin disc orbits), while some other stars have orbits still confined in the Galactic plane, but with larger radial excursions, leading them to reach larger distances from the Sun (high eccentricity, thin disc orbits). Finally, thick disc stars are in general characterized by mild to high eccentric orbits with moderate to large vertical excursions from the Galactic plane. From this plot, one can already note some differences between the appearance of the orbits in the three models: in Models I and II some orbits appear to be thicker (i.e. larger vertical excursions) than the corresponding orbits in Model A&S; moreover Model II shows outer thin disc orbits which are slightly less elongated than the corresponding orbits in Models I and A&S. This last trend is particularly evident for stars reaching larger apogalactica (R max > 20), as we will comment in the following part of this section. A quantitative comparison between the orbital characteristics recovered in Model I, Model II, and Model A&S is made in Fig. 9 , where the pericentres R min , apocentres R max , maximal vertical distances from the plane z max , 2D eccentricities 2 , number of disc crossings, and period of vertical oscillations are shown and compared to those predicted when integrating in the Allen & Santillan (1991) model. While the values of pericentres are very similar in the three models, one can see that some differences appear in the apocentres of stars, R max , with Model II predicting apocentres up to 36% smaller than those recovered by the Allen & Santillan (1991) model. The largest differences are found for stars with large apogalactica (R max > 15 kpc), such as HIP71979, HIP87062, HIP34285, and HIP74234. This behaviour is a consequence of the deeper gravitational potential of Model II, compared to Models I and A&S: at large radii, Fig. 5 indeed shows that Model II has a deeper potential well than that of the two other models, with the consequence that stars are more bound. This is also visible in the maximum vertical heights, z max , reached by their orbits: stars whose z max is greater than 5 kpc in Model A&S, never reach vertical distances from the plane greater than 5 kpc in Model II. Among those stars are HIP34285, HIP63918, HIP80837, HIP100568, and HIP116285. This is, again, a consequence of the presence of a more massive dark matter halo in Model II, with respect to Models I and A&S.
For stars whose vertical excursion is closer to the Galactic plane, the inclusion of a (massive) thick disc tends to increase the value of z max : Model I and II can indeed lead to maximum vertical heights up to 60% higher than that predicted by Model A&S (Fig. 9, middle left panel) . This is because in the A&S model, having no thick disc, all the disc mass is more concentrated towards the Galactic plane, increasing the restoring force at small heights (see Fig. 7 ). Because of the larger vertical excursions in Models I and II, the period of vertical oscillations of those stars in general increases, and as a consequence, the number of disc crossings decreases. No significant differences are found in the 2D eccentricities predicted by the different models.
Finally, Fig. 10 shows the comparison between Model I and Model II, by showing the differences ∆ between the orbital characteristics of Model I and Model II. For each quantity (i.e. peri-centre, apocentre, maximum vertical distance from the plane, etc.. ) ∆ is defined as the difference between the value attained by this quantity in Model II minus the corresponding value for Model I, all normalized to Model I. One sees that for most of the parameters, there is no significant difference between the two models, except for: (1) the pericentre distances R min , where the relative difference between Model I and Model II can be as high as 50% for stars with pericentres in the innermost regions of the Galaxy (R < 2 kpc); (2) the apocentres found by integrating the orbits of stars in Model I and Model II can differ by more than 10% for stars having large R max .
Orbits of Galactic globular clusters from the Casetti-Dinescu catalogue
The vast majority of the stars in the Adibekyan et al. (2012) sample are thin and thick disc stars currently at the solar vicinity. To sample also the halo population, and the bulge or thick disc, we integrated all the orbits of Galactic globular clusters in the main catalogue of Casetti-Dinescu, which contains 59 clusters. As for the stars, also the orbits of those clusters were integrated for 7 Gyr in the two thin and thick disc potentials (Model I and Model II) and in the Allen & Santillan (1991) potential. Figure 11 shows the comparison in the derived orbital characteristics of the clusters in the three models (see Tables 2, 3 , and 4 for the corresponding values). Consistent with the evidence found for stars, the outermost clusters -those which, in the A&S model, reach distances beyond 20 kpc from the Galactic centre such as NGC1851, NGC3201, NGC4590, NGC5024, NGC5466, NGC 5904, NGC6205, NGC6934, NGC7006, NGC7078, NGC7089, and Pal12 -have apocentres up to ∼30% smaller in Model II than in A&S (see Fig. 12 ), while no significant difference is found for clusters with R max below 20 kpc. Orbits in Model II are less elongated radially, but also vertically, as found when comparing the maximal vertical oscillations above and below the plane: the value of z max can be reduced by as much as 30% for Model II compared to Model A&S. Among the clusters which show z max significantly smaller in Model II than in Model A&S there are: NGC5024, NC5466, NGC5904, NGC6934, NGC7006, and NGC7089. It is also interesting to note the presence of some clusters, like NGC 6121, NGC 6388, and NGC 6441, NGC6626 and NGC6779, which have a z max ≤ 2 kpc in Model II, but greater than 2 kpc in Model A&S. Their orbits are shown in Fig. 13 . Some of them, like NGC6388 and NGC6441, are bulge clusters confined in the innermost few kpcs of the Galaxy, where they are perturbed and scattered by the central spheroid in Model A&S. When the central spheroid is not present, as in the case of Model II, their vertical excursions are reduced and their orbits become more disc-like. Finally, differences in the orbital properties (R max , z max , ..) are reflected also in the number of disc crossings and in the related period of vertical oscillations that clusters experience over time. As shown in the bottom panels of Fig. 11 , while Model I predicts values very similar to those of the A&S model, Model II can depart significantly from the A&S estimates: there are clusters like NGC6266, NGC6273, NGC6293, NGC6304, NGC6316, NGC6342, NGC6388, and NGC6441 for which Model II predicts a number of disc crossings up to 30% less than those found in the A&S model. These clusters are thus characterized by longer periods of vertical oscillations in Model II than in Model A&S. There are also clusters, like Pal13, NGC5466, NGC6934, and NGC7006, where the situation is the opposite, and for which Model II predicts periods of disc crossings significantly shorter than those found in Model A&S. Finally, in Fig. 14 we show the comparison between the orbital parameters of Galactic globular clusters in Models I and II. As in Fig. 10 , for each quantity (pericentre, apocentre, maximum height above the plane), we have quantified the differences found in the two models with the quantity ∆, defined as the difference between the value attained by this quantity in Model II and the corresponding value for Model I, normalized to Model I. The largest differences between the two models are found at large radii and large heights above the plane, where Model II predicts smaller values of R max and smaller z max , as expected from its deeper gravitational potential. Lower values of z max are also reflected in shorter periods of vertical oscillations for these clusters, and consequently a larger number of disc crossings. Halo cluster orbits thus tend to be less extended both radially and vertically in Model II than in Model I, and consequently sufferover a fixed time interval -more frequent disc crossings.
Overall we have seen that the uncertainties that affect our knowledge of the Galactic rotation curve are still considerable, both in the inner few kpc of the Galaxy, and at the solar radius and beyond (cf. Fig. 3) . To quantify how a given uncertainty in the rotation curve is reflected in the corresponding uncertainties in the orbital parameters of globular clusters, for each cluster in the main catalogue of Casetti-Dinescu, we have integrated its orbit for 7 Gyr in a potential similar to that of Model II, but with the dark matter halo mass changed so as to generate a rotation curve that differs from that of Model II by ±5%, ±10%, and ±20%. In Fig. 15 , we report the value of the expected uncertainties in the pericentres R min , apocentres R max , and maximal heights from the plane z max for all these clusters, assuming ±5%, ±10%, and ±20% offsets in the circular velocity of Model II. The uncertainties are defined relatively to the parameters obtained assuming the rotation curve of Model II. As can be seen, for a given offset in the velocity curve, the largest uncertainties are found in the values of R max and z max : uncertainties as high as 30% in these quantities can be reached with typical offsets in the rotation curve of ±10%. It is thus clear that these effects need to be taken into account for all integrations of stars and stellar systems in the Galaxy, because they are not negligible.
Conclusions
Recent observational results suggest the need to reconsider the mass budget of the stellar populations in the Milky Way and their relative weights. In particular there is growing evidence of a massive and centrally concentrated α−enhanced thick disc in the Galaxy, and a limited -or non existent -classical bulge. Motivated by these findings, we have built two new mass models for the Galaxy which include a massive and centrally concentrated thick disc, characteristics disregarded in all mass models proposed so far for orbits' computation. We have shown that :
-these mass models can satisfy a number of observational constraints : Galactic rotation curve(s), disc(s) scale lengths and heights, baryon density at the solar vicinity, perpendicular force Kz at 1.1 kpc from the Galactic plane; -the inclusion of a massive thick disc, the absence of a classical spheroid, and the presence of a more massive dark matter halo in one of the two models, all these changes have an impact on the reconstructed orbits of stars and globular clusters in the Milky Way. In particular, some Galactic globular clusters show less extended orbits in Model II than what is predicted by the Allen & Santillan (1991) model. -when a classical bulge is not present, because of the absence of its scattering effect, some inner clusters tend to have more flattened, disc-like orbits. -these changes have implications for the period of vertical oscillations of clusters in the Galaxy, and their frequency of disc crossings, with possible consequences for their tidal disruption times.
Overall, we find that the large uncertainties still affecting our current knowledge of the Galactic rotation curve have a major impact on the Galactic mass models (i.e. the presence or not of a central spheroid, dark matter content), and on the derived orbital properties of stars and star clusters in the Galaxy. We have seen that, depending on the mass model adopted, for some stars and globular clusters the differences in orbital parameters can be as high as 30% with respect to the A&S model and can be reached with typical offsets in the rotation curve of ±10%. These uncertainties are comparable to those found when taking into account only the current errors in the estimate of distances, proper motions, and radial velocities (see for example Dinescu et al 1999) . Before new and more refined mass models for the Galaxy will be developed and constrained by the new data from the Gaia mission, this suggests that those uncertainties need to be considered for reconstructing the orbits of stars and stellar systems in the Galaxy.
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